In this paper I present the detail estimations for the width of the 511 keV line produced by a mechanism when dark matter is represented by macroscopically large dense nuggets. I argue that the width of 511 keV emission in this mechanism is very narrow ( in a few keV range) in agreement with all observations. The dominant mechanism of the annihilation in this case is the positronium formation e + e − → 1 S0 → 2γ rather than a direct e + e − → 2γ annihilation. I also discuss some generic features of the γ rays spectrum (in few MeV range) resulting from this mechanism.
I. INTRODUCTION
Recent observations of the galactic centre have presented a number of puzzles for our current understanding of galactic structure and astrophysical processes. In particular a series of independent observations have detected an excess flux of photons across a broad range of energies. Specifically, SPI/INTEGRAL observations of the galactic centre have detected an excess of 511 keV gamma rays resulting from low momentum electron-positron annihilations. The observed intensity is a mystery. After accounting for known positron sources, only a small fraction of the emission may be explained [1, 2, 3, 4, 5, 6] . Motivated by this observation, it has been suggested recently [7] that the observed flux can be explained by the idea that dark matter (DM) particles are strongly interacting composite macroscopically large objects which made of well known light quarks or even antiquarks [8] [9] , similar to the Witten's strangelets [10] .
The width of 511 keV line has been measured by SPI/INTEGRAL on the level of few keV [1, 2] , but has not been calculated in the original paper [7] . The goal of the present work is to fill this gap. More precise, in the present paper I will estimate the probability for the positronium formation and argue that the positronium formation (rather than direct annihilation) plays a dominant role in e + e − annihilation when an electron from visible matter hits the antimatter nugget. In this case the estimated width of 511 keV line is determined by the velocity distribution of the positroniums which move with typical velocities v ∼ α, see section III. Consequently, this motion determines the width of 511 KeV line to be Γ ∼ m e α ∼ few keV in agreement with measurements. The direct annihilation e + e − → 2γ which lead to the continuum spectrum with typical photons in MeV range is a sub leading process as we argue below. This direct annihilation e + e − → 2γ might be interesting on its own as it may explain a well known mystery on the excess of gamma-ray photons detected by COMPTEL in ∼ 1 − 20 MeV energy range. However, the corresponding analysis is the subject of a different paper [11] and shall not be discussed here.
II. COMPACT COMPOSITE OBJECTS (CCO)
Unlike conventional dark matter candidates, dark matter/antimatter nuggets are strongly interacting, macroscopically large objects [13] . Such a "counterintuitive" proposal does not contradict any of the many known observational constraints on dark matter or antimatter in our universe due to three main reasons: 1) the nuggets carry a huge (anti)baryon charge |B| ≈ 10 20 -10 33 , so they have a macroscopic size and a tiny number density. 2) They have nuclear densities in the bulk, so their interaction cross-section per unit mass is small σ/M ≈ 10 −13 -10 −9 cm 2 /g. This small factor effectively replaces a condition on weakness of interaction of conventional dark matter candidates such as WIMPs. 3) They have a large binding energy (gap ∆ ≈ 100 MeV) such that baryons in the nuggets are not available to participate in big bang nucleosynthesis (BBN) at T ≈ 1 MeV. Therefore, CCOs do not contribute to Ω B , but rather, they do contribute to the "non-baryonic" cold dark matter Ω DM of the universe. On large scales, the CCOs are sufficiently dilute that they behave as standard collisionless cold dark matter. As we mentioned above, CCOs can be made from matter as well as from antimatter. Precisely these nuggets made of antimatter represent an unlimited source of positrons which can annihilate with visible electrons and produce observed photons.
For our purposes we adopt a simple model for a Compact Composite Object when all quarks form one of the color super conducting (CS) phases with densities few times the nuclear density [14] , while the electrons in CCOs can be treated as noninteracting fermi gas with density n e ≃ , with µ being the electron chemical potential. A numerical estimation of µ strongly depends on the specific details of CS phase under consideration, and varies from few MeV to tens (or even hindred) MeV, [14] - [17] . It is also assumed that the nuggets have very thin electro-sphere with a "transition region" of a microscopical scale separating the bulk of the dense matter (with large µ) from vacuum (with µ = 0). There existence of this "transition region" is a very generic feature of the system and is the direct consequence of the Maxwell's equations and the chemical equilibrium requirement [17] .
Our goal here is to argue that the photon spectrum resulting from CCO-based mechanism of e + e − annihilation has the following main features: The dominant fraction of incoming electrons will form positroniums. As is known, once the positroniums are formed, one quarter of them (in 1 S 0 state) will eventually decay to two 511 keV photons, while three quarters of them (in 3 S 1 states) will produce a continuum with the typical energies in 100 keV range. A small fraction of electrons will experience the direct annihilation e + e − → 2γ. The typical photons produced in direct annihilation will have energies of order µ ∼ few MeV. Such photons from the direct annihilation must always accompany the 511 keV line as they produced by the same mechanism within our framework. We shall not discuss the spectrum and intensity of the ∼ 1 − 20 MeV gamma-rays in the present paper referring to [11] . However, we would like to remark here that the excess of photons measured by COMPTEL precisely in this band, ∼ 1−20 MeV [12] can be naturally explained by this mechanism if one assumes that the fraction of incoming electrons (which avoid the positronium formation and can reach the nugget's surface with large µ ) is on the level of ∼ 10% while the dominant fraction of incoming electrons ∼ 90% will form positroniums [11] .
Important remark here is that µ is always in MeV region, much larger than the typical atomic energy scale which is in eV range. In this case the results which follow are not very sensitive to the specific properties of CS phase in the bulk. Therefore, our simplified treatment of the leptons as noninteracting fermi gas is sufficiently good approximation for this problem: any changes (due to the interactions in the bulk of nuggets) are happening at the µ ∼ MeV scale. These changes do not affect physics on eV scale which is the subject of this paper.
III. POSITRONIUM FORMATION
We now consider the probability for the positronium formation when electrons hit the CCO made of antimatter. What is the fate of these non relativistic electrons? We shall argue below that the most likely outcome of these events is a formation of the bound states (positroniums with arbitrary quantum numbers |n, l, m ) which eventually decay to two photons withhω ≃511 keV and with width Γ ∼ m e α ∼ few keV or three photons with well known continuum spectrum 0 <hω < m e .
Indeed, consider a system of an incoming electron and a positron from a nugget with momenta q 1 and q 2 correspondingly. Assuming that both particles are non relativistic we can calculate the probability of positronium formation with quantum numbers |n, l, m by expanding the original wave functions (plane waves with momenta q 1 and q 2 ) in terms of the new basis of positronium's bound states (plus continuum), Ψ q1,q2 (r 1 , r 2 ) = e 
where a ≡ 1/(mα) ≃ 10 −8 cm is the Bohr radius. Few remarks now are in order: a) The probability for the positronium formation is large when q is sufficiently small, q ∼ 1/a ∼ mα. This justifies our treatment of positrons as nonrelativistic particles. In different words, a non relativistic incoming electron will pick up a positron from Fermi gas with a small (rather than large) momenta q ∼ mα to form a positronium. Probability of formation of the positroniums with large q ≫ a −1 is exceedingly small. b) The expression for the probability of the positronium formation does not contain a small factor α 2 which is inherent feature of the direct annihilation process, see below eq.(4); c) Once positroniums are formed, they will eventually decay much later (within or outside CCO) to two/ three photons producing the low energy spectrum discussed above: 511 keV line + well known continuum spectrum 0 <hω < m e ; d) One may wonder why a small coupling constant α 2 does not enter the expression for the process which eventually leads to the photon's emission. The answer of course is related to the resonance nature of the phenomena. Similar situation occurs, e.g. in charge exchange processes such as capture of an electron from a hydrogen atom by a slow moving proton; e) The fact that the positronium formation plays a crucial role in the theory of positron annihilation in solids, has been known for 50 years [18] , see also recent review on the subject [19] . Positronium formation always takes place whenever it is energetically allowed and velocities are small ( when the so called "Ore gap" is not destroyed by a complex condensed matter system); f) The magnitude of width of 511 KeV line in our framework is determined by the velocity distribution of the positroniums. Indeed, the positroniums in our framework are formed not at rest, but instead they carry a nonzero momenta Q ≡ (q 1 + q 2 ) as eq. (1) suggests. As was argued above, parametrically Q ∼ a −1 ∼ m e α. It implies that once the positroniums are formed, they do move with typical velocities v ∼ Q/m e ∼ α. Consequently, this motion leads to the width of 511 KeV line to be Γ ∼ m e α ∼ few keV due to the Doppler effect; g) The probability for the positronium formation is order of one for small q as follows from eqs. (1,2) . However, these equations do not say what is the time scale saturating this large probability. Therefore, the crucial question is: what is the time scale τ P s for the positronium formation in our specific circumstances? If this time scale is sufficiently short, then an incident electron has a great chance to form the positronium (which eventually leads to 511 keV line) before it reaches the nugget's surface where the typical positron energies are large ∼ µ. If, on other hand, this time scale is very large, then an incident electron very likely will reach the surface of the nugget and will experience the direct e + e − → 2γ annihilation with emission of ∼ MeV photons.
The cross section for the resonance positronium formation in atomic units is order of one. In conventional units it is σ(e + e − → P s) ∼ a 2 [27]. In order to estimate τ −1 P s we have to multiply σ(e + e − → P s) by density of positrons which effectively participate in the positronium formation and atomic velocity which is order of v ∼ α.
The density of positrons surrounding the anti matter nugget can be easily estimated in the transition region by using the Thomas-Fermi (mean field) -like approximation [17] . In the relativistic regime the density behaves like n(z) ∼ 1/z 3 where z is the distance from the nugget's surface [17] . One can show that this behavior slowly changes to n(z) ∼ a 3 /z 6 in non relativistic regime where a ∼ (mα) −1 is the Bohr radius. We do not need to know an exact numerical coefficients in this formula. The important thing for our discussions in what follows is there existence of a transition region ("electro -sphere" [17] ) where chemical potential µ interpolates between a large value on the surface of the nugget and zero value far away from the nugget. This interpolation always includes a region with a typical atomic density n ∼ a −3 at distance z ∼ a ∼ 10 −8 cm from the nugget's surface. Collecting all these factors together we arrive to the following estimation for the probability P that incident electron entering the "electro -sphere" of the nugget will form positronium
where we use n ∼ a −3 for z ∼ a. This expression clearly shows that the total probability for the positronium formation (which consequently decay producing 511 keV line) becomes of order of one at atomic distances z ∼ a from the nugget's surface, i.e. long before the incident electron reaches the region of large positron densities close to the nugget's surface.
This result is in a clear contrast with estimations presented in [20] where a MeV -broad spectrum is predicted resulting from the same, CCO-based mechanism. The crucial ingredient in our estimates is of course, the resonance behavior for the cross section σ(e + e − → P s) ∼ a 2 ∼ (mα) −2 in contrast with non resonance formula for the direct e + e − → 2γ annihilation when small parameter α 2 enters the numerator in the corresponding formula, see e.g. [21] ,
To conclude this section: the dominant portion of all electrons falling into CCO (made of antimatter) will form the positroniums which eventually decay with low energy spectrum described above. The typical width of outgoing flux of 511KeV photons is of order Γ ∼ αm ∼ few KeV. These features are very universal and do not depend on specific details of the nugget's internal structure (such as a large variation of possible CS phases in the bulk). Some incident electrons entering the nugget's surface will experience the direct annihilation with emission of gamma-rays in MeV band. These photons, may even have been already observed [11] . However, the direct annihilation plays a sub leading role as argued above.
IV.
CONCLUSION.
We present a generic picture of the γ spectrum which results from the CCO -based mechanism. As we argued above, the vast majority of e + e − annihilations go through the positronium formation with the width of 511KeV line to be Γ ∼ m e α ∼ few KeV. This is precisely what has been observed [1] , [23] , [24] . Also: this line is always accompanied by the well-known continuum with energieshω < 511 KeV from the 3 S 1 positronium decays (with the ratio 3 to 1). Amazingly, this is precisely the spectrum obtained in the recent analysis with fraction of the observed positroniums estimated to be (96.7 ± 2.2)% [23] , (92 ± 9)% [24] . Undoubtedly, these observations are consistent with almost ≃ 100% positronium fraction predicted by CCO based mechanism due to the strong suppression of the direct annihilation in the regionhω ≤ 511 KeV.
Our mechanism also suggests that the 511 KeV line must be accompanied by very broad (1 -20 MeV) spectrum with the spectral density dΦ dω athω ≃ 511 KeV few orders of magnitude smaller than from the positronium decays. However, the total integrated flux over the large region µ 0 dΦ dω dω could be sufficiently large. Amazingly, there is indeed an observational evidence for an excess of photons in (1 -20) MeV region, see [12] , [25] and references on the original works therein. It has been argued that the soft gamma-ray spectrum in (1 -20) MeV region cannot fully be attributed to either Active Galactic Nuclei or Type Ia supernovae or a combination of the two [25] . Therefore, the (1 -20) MeV observed excess may find its natural explanation as a result of the direct annihilation of visible electrons with CCO's positrons. Such an explanation can be confirmed (or ruled out) if the correlation between (1 -20) MeV photons and 511 KeV line is established. We shall not discuss this problem in the present paper by referring to [11] . However, we would like to remark here that the excess of photons measured by COMPTEL can be naturally explained by this mechanism [11] if one assumes that a small fraction ( on the level of ∼ 10%) of incoming electrons can avoid the positronium formation and can reach the nugget's surface where µ is large.
Similar correlation should also exist between 511 KeV line and diffuse X ray emission as discussed in details in [26] .
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